A preliminary study on the performance of indoor active noise barriers based on 2D simulations by Huang, X et al.
lable at ScienceDirect
Building and Environment xxx (2015) 1e9Contents lists avaiBuilding and Environment
journal homepage: www.elsevier .com/locate/bui ldenvA preliminary study on the performance of indoor active noise
barriers based on 2D simulations
Xiaofan Huang, Haishan Zou*, Xiaojun Qiu
Key Laboratory of Modern Acoustics and Institute of Acoustics, Nanjing University, Nanjing 210093, Chinaa r t i c l e i n f o
Article history:
Received 1 April 2015
Received in revised form
28 June 2015





Reflecting boundary* Corresponding author. Tel.: þ86 25 8359 4505; fa
E-mail address: hszou@nju.edu.cn (H. Zou).
http://dx.doi.org/10.1016/j.buildenv.2015.06.034
0360-1323/© 2015 Elsevier Ltd. All rights reserved.
Please cite this article in press as: X. Huan
simulations, Building and Environment (201a b s t r a c t
Single screen barriers are widely used in open-plan offices as a means of improving acoustical privacy.
However, the insertion loss of an indoor barrier is limited in low frequency range. Active control systems
have been shown to be able to enhance the insertion loss of outdoors noise barrier in low frequency
range, so its feasibility for improving the performance of indoor barriers is investigated in this paper. The
simulation results show that about 10 dB extra insertion loss below 500 Hz can be obtained with the
active control system when the squared sound pressure inside the entire observation area is minimized.
The performance of the active noise barrier deteriorated significantly due to the reflecting ceiling, and
the performance is hardly improved by increasing the ceiling height or the ceiling absorption coefficient.
Finally, the effects of the sensing strategy on the control performance and the impacts of the active
control system on the source side are discussed.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
In order to improve the visual and acoustical privacy in open-
plan offices, a general practice is to use free-standing screens to
separate individual workplaces [1]. Although acoustic properties of
passive and active noise barriers in free field have been widely
studied, their performance in enclosed spaces have not been fully
investigated [2e5]. This paper will investigate the performance of
indoor active noise barriers.
In enclosed spaces, sound energy reaches the receiver on the
other side of the screen via diffraction at the screen edge and re-
flections on the boundaries which include ceiling and walls.
Acoustic modelling of indoor barriers can be classified into three
categories: the methods based on the diffuse-field theory [6,7], the
volume or surface integral methods [8e10] and the geometrical
methods [11e14].
The first category was initially proposed by Moreland and Musa
in 1973 [6]. Taking diffraction into account in this method is
genuinely difficult because the sound field is not uniform when
moving away from the screen. This difficulty was solved in part by
Lau and Tang in 2009 by taking distance effect into account.x: þ86 25 8359 2919.
g, et al., A preliminary stud
5), http://dx.doi.org/10.1016/However, the solution based on the modified diffuse-field theory is
still limited to simple cases [7].
The second category is based on the solution of the Helmholtz
equation or its integral form. Kopuz and Lalor proved its accuracy
by comparing the results between simulation and experiments in
1995. But this method generally needs long computation time for
complicate environment or at high frequencies due to the sophis-
ticated meshes [8]. The radiosity method (radiative transfer of
acoustical energy) was initially a surface integral method applied to
the acoustic energy instead of the pressure field. Le Bot and Boc-
quillet applied it successfully to a simple enclosure and Reboul et al.
extended it to multiple diffractions [9,10]. However, these middle-
high frequency approaches ignore the spatial interferences of the
sound field.
The third category consists of identifying acoustic paths be-
tween source and receiver and determining the energy loss caused
in the propagation [11]. Wang and Bradley proposed a method
based on coherent summing of the image sources for the direct, the
reflected and the diffracted fields [12], which was used to calculate
intelligibility indicators for acoustic design of open-plan offices
[13]. This method is complicated with the presence of more than
one screen in the room and the enormous number of image sour-
ces. Chevret and Chatillon described a model for predicting
diffraction in complex spaces by using the ray-tracing method in
2012, which belongs to the family of incoherent methods. A phase-
included expression of the existing model was developed recentlyy on the performance of indoor active noise barriers based on 2D
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Table 1
Layer parameters of the boundaries of the enclosure model.
Ceiling Ground Walls Barrier
Flow resistivity (s) (cgs) 600 800 2000 1500
Porosity (U) 0.6 0.2 0.1 0.2
Tortuosity (T) 1 1.4 1.1 1.2
Pore shape factor (Sp) 0.25 0.25 0.1 0.2
Thickness (d) (m) 0.1 0.05 0.02 0.005
X. Huang et al. / Building and Environment xxx (2015) 1e92in 2014, but this method has limitations at low frequencies [11,14].
Even with so much effort, these existing methods still cannot
solve the acoustics problem of indoor barriers completely. The
methods based on the diffuse-field theory are limited by the
assumption of uniform distribution of sound energy density and
sound absorption, which is seldom fulfilled in reality, particularly in
the presence of a barrier in an open-plan office. The volume or
surface integral methods need long computation time for complex
environment or at high frequencies, while the geometrical methods
are usually most effective in rooms with regular highly reflective
surfaces at high frequencies.
On the other side, existing analytical and experimental studies
have revealed that active control can be used to improve the per-
formance of outdoor noise barriers in low frequency range, where
the effects of the ground reflection, the geometry shape of the
secondary source, the cost function and the error sensor strategies
have been investigated [2e5,15,16]. There is also a lot of research on
active control of enclosed sound field [17e20]. For example, local
active control can be applied inside automobiles and aircrafts to
cancel the noise near a listener's ears [21].
An indoor active noise barrier is an active noise barrier in an
enclosure. Little research has been undertaken in this direction.
This paper will investigate its performance based on 2D simula-
tions, especially the effects from the reflection of the ceiling and
walls, the height of the ceiling as well as the sensing strategies in a
typical room. The preliminary research should be useful for
exploring new approaches to improve speech privacy in open-plan
offices with active noise barriers in the future.
2. Simulation model
This research uses 2D numerical simulations with the com-
mercial software package COMSOL 4.4 [22], because a complete
analytical solution is still not available. The reliability of the model
in the COMSOL was verified by comparing the simulation results
with the Hadden-Pierce solution based on a semi-free barrier
model of 1.5 m high and 0.01 m thick [23]. The reason that 3D
simulations are not adopted is because the computation time and
the required memory at high frequency are too high and the pur-
pose of this research is for understanding the fundamental per-
formance of an indoor active noise barrier instead of a practical
design. Fig. 1 shows the 6 m long by 3 m wide rectangular space
under investigation, where the coordinate origin is chosen at the
left bottom corner of the enclosure. For simplicity, the current
model does not include the complete workstations but only a single
absorptive separating barrier.
A 1.5 m high and 0.01 m thick single barrier located at x ¼ 2.0 m
separates the enclosure into two rectangular spaces. The soundFig. 1. Geometry of an indoor active noise barrier in an enclosure.
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transmission loss of the barrier to be larger than 20 dB. A primary
source with a source strength of 0.01 m2/s is placed at (1.3 m,1.0 m)
as a sitting position of a person, and a secondary source used to
cancel the noise is arranged on the top of the screenwith a distance
of 0.01 m. Taking the movement of the receiver into account, a
square with a length of 0.4 m located at (2.7 m, 1.0 m) is selected as
the observation area (surrounded by the right dashed line square in
Fig. 1).
In order to investigate the performance limits of the indoor
passive and active noise barrier, the cost function for determining
the optimal secondary source strength is to minimize the sum of
the squared sound pressure at the entire observation area. After
obtaining the optimal secondary source strength, the sound field
distribution after active control is calculated. For simplicity, 4
boundaries are all assumed to be rigidly backed layers of homo-
geneous porous material. Table 1 shows the flow resistivity (s),
porosity (U), tortuosity (T), pore shape factor (Sp) and thickness (d)
that are used to evaluate the surface admittance [24]. Fig. 2 shows
the calculated corresponding normal incident absorption co-
efficients of these four boundaries, where the legend “Wall” means
the front and back walls in this 2D room.
The performance of the indoor passive and active noise barrier is
evaluated in 1/3 octave bands with the average sound pressure
















where N¼ 10 is the number of sampling frequencies calculated in a
1/3 octave band,
pjðiÞ2 is the squared absolute sound pressure at
the jth equally spaced observation point (the total number of points
isM¼ 441) at the ith equally spaced sampling frequency, and pref ¼
2 105 Pa is the reference sound pressure.Fig. 2. Spectra of normal incident absorption coefficient on four boundaries of the
enclosure in numerical simulations.
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Fig. 3. Performance of the passive and active noise barrier: (a) sound pressure level in
semi-free field; (b) sound pressure level in an enclosure.
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3.1. The performance of the indoor passive and active noise barrier
The performances of the passive and active noise barrier in
semi-free field and in the enclosed space are shown in Fig. 3. With
the barrier in semi-free space, the SPL in the observation area has
been significant reduced. As shown in Fig. 3(a), the passive barrier
obtainsmore than 10 dB insertion loss above 250 Hz, but little noiseFig. 4. The sound pressure level on the area of the source side.
Please cite this article in press as: X. Huang, et al., A preliminary stud
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interference of different diffraction paths around this frequency
range. About more than 20 dB extra insertion loss is obtained in the
entire frequency range with the active control system. The overall
SPLs without the barrier, with the passive barrier, and with the
active barrier (means the passive barrier and the active control
system function together) are 126.8 dB, 111.0 dB, and 86.7 dB,
respectively.
When the barrier is located in the enclosed space, as shown inFig. 5. Performance of the passive and active noise barrier at different reflecting
conditions: (a) sound pressure level without barrier; (b) insertion loss of the passive
barrier; (c) insertion loss of the active barrier.
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Fig. 6. Spectra of normal incident absorption coefficient of the ceiling at 4 flow
resistance in numerical simulations.
X. Huang et al. / Building and Environment xxx (2015) 1e94Fig. 3(b), the noise reduction performance of the barrier de-
teriorates significantly. Because of reflections from the boundaries
of the enclosure, the SPL of the primary field in the enclosure be-
comes larger, and the performance of the indoor passive and active
noise barrier decreases. The indoor passive barrier insertion loss at
most frequency below 1000 Hz was less than 5 dB. The overall SPLs
without the barrier, with the passive barrier, and with the active
barrier are 133.9 dB, 129.2 dB, and 127.0 dB, respectively. The active
system dramatically improves the passive barrier performance in
the low frequency range, about 5e20 dB extra insertion loss is
obtained below 630 Hz, but it has little improvement in high fre-
quency range.
Because the primary source is at a position of a person, the
impact of the secondary source of the active control system on the
source side is important. A square area (the left dotted line square
in Fig. 1) with a side length of 0.4 m located at the primary source
side is chosen as the observation area, where the average SPL
evaluated in 1/3 octave bands is used to assess the impact of the
indoor active noise barrier on the source side. Fig. 4 shows the SPL
difference on the source side with the active system on and off,
where it can be observed that the difference is less than 1 dB, so the
impact of the indoor active noise barrier on the area of the source
side is small and should not be noticed generally. The reason that
the effect of the indoor active noise barrier is generally small on the
source side is because the secondary source only generates the
power to cancel the diffracted sound, which is usually just a fraction
of the original sound, as shown by the black dotted line in Fig. 4.Fig. 7. Performance of the passive and active noise barrier at different ceiling ab-
sorption conditions: (a) sound pressure level without barrier; (b) insertion loss of the
passive barrier; (c) insertion loss of the active barrier.3.2. The influence of the reflecting boundaries
The deterioration of the performance due to the reflecting
boundaries is examined by comparing the SPL and insertion loss
(IL) with different reflection conditions. In the simulations, the
ground and the barrier exist in all cases, and this means that all
simulationmodels in this subsection are composed of the semi-free
field model with partially reflective surfaces with different
configurations.
As shown in Fig. 5(a), with increasing reflections from the
boundaries, the sound pressure level at the observation area in-
creases, but the noise reduction performance of the passive and
active barriers deteriorates significantly, as shown in Fig. 5(b) and
(c). The ceiling reflection has a dominating influence on the bar-
rier performance, which resulting in a larger than 10 dB deterio-
ration not only on the passive barrier but also on the active barrier.
The reflective boundaries have a greater impact on the activePlease cite this article in press as: X. Huang, et al., A preliminary stud
simulations, Building and Environment (2015), http://dx.doi.org/10.1016/barrier than on the passive barrier, but the active system still has a
considerable better performance in low frequency range.3.3. The effect of the ceiling reflection
To understand of the influence of the ceiling reflection better,
simulations are carried out in a flat room with a height of 3.0 m.
Except the ceiling, all other parameters have the same values as
that in Section 2. The flow resistance of the ceiling is changed andy on the performance of indoor active noise barriers based on 2D
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X. Huang et al. / Building and Environment xxx (2015) 1e9 5the calculated normal incident absorption coefficients are shown in
Fig. 6.
Fig. 7 shows the SPLs and ILs in these 4 different ceiling cases,
where it is found that the smaller the ceiling absorption coefficient
is, the greater the deterioration will be. The existence of the ceiling
has a significant impact on the active barrier than on the passive
barrier. With the ceiling, the performance of the active system
deteriorates more than 20 dB. Increasing the ceiling absorptionFig. 8. Performance of the passive and active noise barrier at different ceiling heights:
(a) sound pressure level without barrier; (b) insertion loss of the passive barrier; (c)
insertion loss of the active barrier.
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vided by the active system in high frequency, as shown in Fig. 7(b)
and (c).
Variations of the SPLs and ILs with different ceiling heights are
not significant for the frequency above 250 Hz, but have some
changes below 250 Hz, as shown in Fig. 8. Similarly, no matter what
the ceiling height is, with the existence of the ceiling, the deterio-
ration of passive barrier performance is larger than 10 dB, and the
performance of the active barrier deteriorates more. The ILs seems
not sensitive to the change of the ceiling height, and the variation
does not have a clear trend. In the simulations, the flow resistance
of the ceiling is 100 cgs, and other parameters have the same values
as that in Section 2.
3.4. The effect of the sensing strategy
The SPL of the indoor passive and active noise barrier in an
enclosure with 3 different error sensor strategies are shown in
Fig. 9, where “Error sensor near barrier” means error sensor is
placed in front of the secondary source with a distance of 0.2 m,
“Error sensor at observation location” means error sensor is placed
at the centre of the observation area, and “Ideal sensing” means
minimizing the squared sound pressure of the entire observation
area. All parameters in this subsection have the same values as that
in Section 2.
Fig. 9 shows that different error sensor strategy has different
performance. Changing error sensor strategies do not improve the
active performance significantly at frequency larger than 500 Hz. At
frequency below 500 Hz, the difference between different error
sensing strategies is large, and the system can achieve 5e20 dB
insertion loss with the ideal sensing. However, this strategy is
difficult to implement in reality. When the only error sensor is
located at the centre of the observation area instead of using the
ideal sensing, the effective bandwidth shrank to 250 Hz, and its
performance at high frequency performance deteriorate signifi-
cantly. Putting the only error sensor in front of the secondary
source with a distance of 0.2 m can have similar insertion loss as
that when the only error sensor is located at the centre of the
observation area.
Figs.10 and 11 show the 1/3 octave band sound field distribution
with the error sensor located at the observation area centre for
250 Hz and 2000 Hz respectively. As shown in Figs. 10(c) and 11(c),
putting the error sensor at the observation area centre can form aFig. 9. Performance of the active noise barrier at different error sensor locations,
where “Error sensor near barrier” means error sensor is placed in front of the sec-
ondary source with a distance of 0.2 m; “Error sensor at observation location” means
error sensor is placed at the centre of the observation area; “Ideal sensing” means
minimize the squared sound pressure of the entire observation area.
y on the performance of indoor active noise barriers based on 2D
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X. Huang et al. / Building and Environment xxx (2015) 1e96“quiet zone” around the error point, the higher the frequency is, the
smaller the zonewill be. It is difficult to obtain good performance in
the entire observation area in the high frequency range if there is
only one error sensor. Minimizing the squared sound pressure of
the entire observation area can have larger quiet zone at higher
frequency.Fig. 10. Sound field in the room at 250 Hz 1/3 octave band (a) primary sound field (b) with p
line.
Please cite this article in press as: X. Huang, et al., A preliminary stud
simulations, Building and Environment (2015), http://dx.doi.org/10.1016/For the sensing strategies discussed above, the “Ideal sensing”
strategy and the “Error sensor at observation location” strategy are
not feasible in practical situations because the person's head will be
around the observation location. The “error sensor near barrier”
might be a practical solution. The performance of using the error
sensor located in front of the secondary source at a distance ofassive barrier only (c) with active barrier, the observation area is surrounded by dotted
y on the performance of indoor active noise barriers based on 2D
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X. Huang et al. / Building and Environment xxx (2015) 1e9 70.05 m, 0.1 m and 0.15 m away is shown in Fig. 12, where it is
observed that the performance does not change significantly. That
indicates that slight changes of the error sensor location near bar-
rier cannot change the active barrier performance significantly.
Being compared with the “Ideal sensing”, the active barrier per-
formance deteriorates significantly when locating the error sensorFig. 11. Sound field in the room at 2000 Hz 1/3 octave band (a) primary sound field (b) with p
line.
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in the low frequency range.
Regarding the error sensor near barrier, there are also other
strategies can be applied such as the virtual sensing strategy. To
overcome the inconvenience of placing the error sensor at the
desired location, a number of virtual sensing algorithms have beenassive barrier only (c) with active barrier, the observation area is surrounded by dotted
y on the performance of indoor active noise barriers based on 2D
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Fig. 12. Performance of the active noise barrier when error sensor located near barrier.
X. Huang et al. / Building and Environment xxx (2015) 1e98developed for active noise control [25], which use the physical error
signal, the control signal and knowledge of the system to estimate
the error signal at a location that is remote from the physical error
sensor. Instead of minimizing the physical error signal, the esti-
mated error signal is minimized with the active noise control sys-
tem to generate a zone of quiet at the virtual location.
A number of virtual sensing algorithms have been developed
and experimentally investigated to estimate the pressure at a fixed
virtual location [26]. However, it is likely that the desired location is
not fixed in practical situations, so some moving virtual sensing
algorithms have been proposed to generate a virtual microphone
capable of tracking a moving virtual location [27]. When combined
with an active noise control algorithm, these moving virtual
sensing algorithms were shown to achieve greater attenuation at
the moving virtual location than control at a fixed physical or vir-
tual sensor [27].
Another strategy can be used is minimizing the sound intensity
at the error sensor locations. Sound intensity has been chosen as
the cost function to obtain the extra sound insertion loss in the dark
area of a hybrid active noise barrier system and off-line experi-
ments for a three-channel control system show the active sound
intensity control is able to provide better far-field noise reduction
than the squared sound pressure control [28].
The virtual sensing strategy and minimizing the sound intensity
have the potential to improve the performance; however, they are
not discussed in the manuscript because there are many aspects for
implementing the strategy which are beyond the scope of the
current manuscript.
Although the research of this manuscript is based on a 2D
model, these conclusions are useful in some 3D cases, for example,
in a large open-plan office or a room with large side-wall absorp-
tion. Unfortunately, the conclusions derived from 2-D simulation
cannot be extended simply to the 3D cases because many other
factors should be considered in 3D cases. These include the side
wall reflections, the number of secondary source and error sensor,
and the spacing between two adjacent secondary sources. A 3D
model for indoor active noise barriers needs to be developed for
next stage research.4. Conclusion
The feasibility of using active control systems to improve the
performance of indoor barriers is investigated in this paper based
on 2D numerical simulations. The performance of the indoor pas-
sive and active noise barrier is investigated first in a typical room by
comparing the sound pressure level in the observation area underPlease cite this article in press as: X. Huang, et al., A preliminary stud
simulations, Building and Environment (2015), http://dx.doi.org/10.1016/different circumstances. Then, the influence of the reflecting
boundaries is examined by comparing the SPL and insertion loss
with different reflection conditions. Further simulations are carried
out in a flat room by changing the normal incident absorption co-
efficient of the ceiling and the height of the room to determine the
effect of the ceiling reflection. Finally, three different error sensor
strategies are proposed and discussed to understand the effect of
the sensing strategies.
The simulation results show that about 10 dB extra insertion
loss can be obtained below 500 Hz by using the active control
system with the ideal error sensing strategy. Nevertheless the
impact of the indoor active noise barrier on the area of the source
side is small, and the secondary sound generated by the active
control system should not be noticed by the persons there. The
noise reduction performance of the indoor noise barrier is smaller
than that of the same barrier in semi-free field due to the re-
flections from the ceiling. Also because of the ceiling reflection, the
performance of the active control system is not sensitive to the
normal incident absorption coefficient of the ceiling and the height
of the room. For practical applications, the error sensor might be
put near the secondary source on the barrier, which causes the
effective bandwidth of active control to be reduced to a lower
frequency of less than 250 Hz. The main conclusion of the paper is
that active control systems can be used to improve the performance
of indoor barriers in low frequency range; however, the ceiling
reflection and error sensor strategies need to be considered care-
fully during design to obtain the expected performance.
Despite the valuable findings, the conclusions obtained in paper
does not take into account the reflections and effects from side-
walls, so a 3D model for indoor active noise barriers needs to be
developed for next stage research. Further work also includes
exploring other sensing strategies for improving the indoor barrier
performance, such as the virtual sensing strategy and the sound
intensity minimization.
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